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fixity — the behavior of fossil organisms 
will be similar to the behavior of their 
extant descendants at the generic 
level — my wife and I re-constructed 
the type of Tertiary forest that existed in 
Hispaniola based on plants and animals 
in Dominican amber. We concluded 
that the amber forest in Hispaniola 
was similar to today’s tropical moist 
forest, but was much more diverse 
and contained a number of species 
that no longer exist in the New World. 
Conducting parasitological studies in 
West Africa provided me with crucial 
background for investigating the 
antiquity of vector-borne pathogens. 
Initially, I had no idea it would be 
possible to detect pathogens like 
malaria, Leishmania and trypanosomes 
in amber-preserved vectors. However, 
special techniques made it feasible. In 
one case, it was even possible to detect 
polyhedral viruses in the midgut of a 
small fly. We also made some surprising 
discoveries of vector-borne pathogens 
in Tertiary amber. For instance, a fossil 
Plasmodium malaria was found inside 
the body of an entombed Dominican 
amber mosquito, showing that some 
strains of malaria originated in the New 
World.
What about older amber fossils? 
Discovering vertebrate pathogens 
in insect vectors from Cretaceous 
amber raised the question of how 
these pathogens would have affected 
dinosaurs. Based on inclusions from 
different Cretaceous deposits, my wife 
and I wrote a book on how insects 
could have affected dinosaurs. For 
instance, insects would have competed 
with dinosaurs for food, cleaned up 
their waste and remains and fed on 
them. We also showed why we felt that 
diseases played an important role in 
exterminating the dinosaurs.
What do you think of the quality of the 
scientific papers today? I am puzzled 
why so many recent papers seem to 
ignore relevant older literature. As a 
result, many of today’s papers ‘re-invent 
the wheel’. Perhaps new techniques 
were used but the conclusions match 
those from earlier reports. Admittedly, 
one of the most difficult parts of writing 
a paper is covering all previous work, 
but this is made much easier today with 
the internet.
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What is vernalization? The word 
‘vernalization’ comes from the Latin 
vernalis, which means ‘of spring’ — 
so vernalization means to make 
‘spring-like’. Plants often flower in 
the spring, so, in practical terms, 
vernalization is the promotion of 
flowering in response to prolonged 
low temperatures. This response 
evolved in plants that adapted to 
regions where the winters are harsh 
and the growing season relatively 
short. These plants germinate in 
the autumn, and are exposed to 
low temperatures during winter. 
Then, when the weather warms 
up, they flower, ensuring that 
seed development occurs under 
favourable conditions. In fact, some 
plants do not flower unless they are 
exposed to cold.
Plants often use environmental 
signals to trigger flowering 
and other processes. What’s 
so special about vernalization? 
There are several properties of 
the vernalization response that 
make it really interesting: 1. Even 
when the weather warms up, 
plants remember that they have 
experienced winter, and will flower 
much earlier than sibling plants 
that have not been exposed to 
winter. 2. Plants know how long 
the winter lasted; the longer the 
winter, the earlier the plants will 
flower. 3. The progeny of vernalized 
plants do not flower unless they, 
too, are exposed to winter — so 
the memory of winter does not 
pass to the next generation. These 
properties indicate that vernalization 
is regulated by an epigenetic 
mechanism — a mechanism that 
causes heritable but potentially 
reversible changes in gene 
expression. This mechanism differs 
from genetic mutations in DNA 
sequence, which are heritable, but 
not reversible.
Wow! Plants have a memory of 
winter — how does that work? The 
memory of winter can be seen from 
the fact that the flowering response 
Quick guide may not occur until several weeks after winter ends. Young seedlings 
are not competent to flower 
immediately after winter ends; as the 
weather warms up, the plants begin 
to grow, and when developmentally 
competent they will flower. Plant 
cells undergo many mitotic divisions 
between the end of the winter and 
when flowering is initiated, indicating 
that the vernalized state must be 
transmitted from each cell to its 
daughters through these divisions. 
In Arabidopsis, the molecular 
basis for this memory has been 
worked out. The key gene in the 
vernalization pathway is a repressor 
of flowering known as FLOWERING 
LOCUS C, or FLC, for short. FLC 
expression is high before winter, 
but is repressed during the cold; 
repression of FLC is maintained 
when the weather gets warmer. 
Repression of FLC is associated with 
marking of the chromatin around 
the FLC gene by Polycomb group 
proteins that trimethylate lysine 27 
in the amino-terminal tail of histone 
H3 (H3K27me3). This mark is then 
transmitted through DNA replication 
and mitotic cell divisions to keep 
FLC in a repressed state. Marking 
the chromatin in this way is what 
provides the cellular memory of 
winter — in fact, chromatin changes 
are also believed to be associated 
with the development of memories in 
our brains.
Plants can’t count, so how do they 
measure the duration of the winter? 
We now know that the permanent 
switch between the on and off 
states of FLC occurs independently 
in individual cells, and that the 
number of cells that have undergone 
this switch increases with time in 
the cold. As time progresses, the 
FLC gene in more cells is switched 
off, giving an average level of FLC 
expression that is proportional to 
the duration of the cold. So plants 
don’t need to count because the 
stochastic nature of the permanent 
off switch at FLC ensures that 
time is measured by deposition of 
H3K27me3 on FLC chromatin.
If plants have such a good 
mechanism to remember winter, 
why is the memory of winter erased 
in each generation? If the memory 
of winter was not erased between 
plant generations, then the progeny 
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form of movement over terrestrial 
landscapes — making foraging at 
these dispersed, diminutive larders 
worthwhile. Assuming that flying 
while removing nectar is better than 
landing, the locomotor system must 
continue to operate efficiently while 
the bird is at the flower; moreover, it 
must be precisely modulated to allow 
a safe approach and steady feeding. 
How does a hummingbird meet these 
requirements? 
Theoretically, efficiency in 
hovering flight is a tall order. Data 
from analyses of aerodynamic 
models and from empirical 
studies of the mechanical power 
and metabolic cost of flight at 
different speeds in birds all agree 
that hovering flight is much more 
expensive than intermediate speed 
forward flight (Figure 1). Most 
birds avoid the expense of low 
speed flight by spending little time 
flying at those speeds; indeed, 
many large avian species lack the 
mass-specific power to fly at slow 
speeds, requiring gravity or wind 
to provide them with sufficient 
energy to get airborne. Because 
of this adverse scaling of the 
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Hummingbirds are very distinctive in 
their form and behavior, the evolution 
of which is tightly connected to the 
evolution of their primary source of 
energy — floral nectar. About forty 
million years ago, the practical use of 
this dense fuel, available only in widely- 
dispersed, insect-sized aliquots —  
it was originally intended for insect 
pollinators — presented a severe test 
to the avian bauplan. This selective 
pressure forced broad changes in form 
and function, affecting anatomical 
structures ranging from the feeding 
apparatus to the locomotor system. 
We describe here how these pressures 
shaped a bird that flies like a bird into 
one that flies like a fly.
In terms of cost per unit distance, 
flight is easily the most efficient 
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Figure 1. The mechanic power produced by birds in flight. 
While the mass-specific power produced by their flight muscles is similar to that of other birds 
at a flight speed of zero, only hummingbirds (red curve) can produce that power aerobically, 
and thereby sustain hovering indefinitely. Modified from Clark and Dudley (2010) and Tobalske 
et al. (2003).of a vernalized plant would flower 
before the onset of winter. Resetting 
the vernalized state means that 
each generation of plants is able 
to respond appropriately to the 
changing seasons.
Many different species of plants 
show a vernalization response — do 
they all use the same mechanism 
to control this response? No, the 
vernalization response has clearly 
evolved independently in monocots 
like wheat and barley and in dicots 
like Arabidopsis, canola and other 
Brassicas. While the physiological 
properties of the vernalization 
response are similar between the two 
plant kingdoms, the molecular details 
differ. As we’ve seen, in Arabidopsis, 
FLC, a repressor of flowering, is the 
target of epigenetic regulation. In 
cereals, the expression of a related 
gene, VERNALIZATION 1, a promoter 
of flowering, is also under epigenetic 
control. In both cases, the epigenetic 
control is provided by the activity of 
Polycomb group proteins.
What about tulips — they need 
to be cold treated to make them 
flower, don’t they? Just to confuse 
you, the response in tulips is 
somewhat different from the classical 
vernalization response that I’ve 
described. Rather than initiating floral 
development in tulips, the cold allows 
the inflorescence stem to grow. 
Growth of the stem raises the flower 
bud, which is formed during the warm 
summer days, above the ground so 
that you can see the flower.
Where can I find out more?
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